A series of starch-fatty acid samples were prepared using potato starch and four fatty acids differing in their chain length, including lauric (C12), myristic (C14), palmitic (C16), and stearic (C18) acids. The results indicated that the fatty-acid chain length played a significant role in altering the properties of potato starch-fatty acid complexes. The complexing index of potato starchfatty acid complexes decreased from 0.38 to 0.18 with increasing carbonchain length. V-type crystalline polymorphs were formed between starch and four fatty acids, with shorter chain fatty acids preserving more crystalline structure. X-ray diffraction studies revealed that the degree of crystallinity exhibited by the starch samples was dependent on the fatty-acid chain length. In the Fourier transformed infrared spectrum of the samples, the new spikes at 2917, 2850, 1018, and 720 cm −1 were assumed to be related to the presence of fatty long chains. The formation of amylose-fatty acid complex inhibited granule swelling of potato starch, w\ith longer chain fatty acids showing greater inhibition. Scanning electron microscopy microscopic examination indicated that amylose-fatty acid interactions taken place during starch gelatinization retarded the destruction of the granules.
Introduction
Starch is mainly composed of two components, including linear amylose and highly branched amylopectin. Lipids in starchy foods play important roles in the caloric density, texture, and flavor of foods, which alter the physical and chemical properties of starchy foods. [1] Starch, especially its linear amylose fraction, can interact with endogenous or added lipids to form single-helix complexes. [2] It is well known that amylose forms helical structure with a hydrophobic cavity that could include hydrophobic ligands such as iodine, lipids, or some fat-soluble bioactive substances.- [3, 4] Marinopoulou [5] reported that the cavity of the amylose helix was hydrophobic and the fatty acid molecules were organized inside the helix as monomers followed head to head and tail to tail, while the carboxyl groups of the acid molecules, due to steric hindrance, remain outside the helix. Amylopectin also formed complexes with fatty acids, but small changes were observed in the functional properties of waxy wheat starch with the addition of fatty acids. [6] The starch and fatty acids complexes has been reported that influenced by many factors, such as the origins of starch [6] and amylose chain length, [7] complex environment. [5, [8] [9] [10] Besides, the type of fatty acid also played an important role in the complexes. The stearic acid was reported more strongly bound with amylose than oleic acid and linoleic acid. [11] The chain length of fatty acid was reported played a role in retarding disruption of the granules. For example, myristic acid (C14) did not prevent the disruption of the pea starch granules, whereas stearic acid (C18) was able to prevent granules disruption effectively. [12] The effects of adding monoglycerides (or monoacylglycerols) depended on the chain length and saturation of the fatty acid of the monoglyceride. Vasiliadou [13] showed that at temperatures below 85°C the degree of amylose-fatty acid complexation was fattyacid chain length dependent that is the shorter the fatty-acid chain length the more the available amylose interacted with the fatty acid when the addition of the acid was done prior to heating.
Starch granules can swell at a limited level, rupture partly and thus keep identifiable shape by controlling the condition of gelatinization, called partially gelatinization. [14] The temperature at which starch and lipid complexed was usually over 80°C, where the starch completely gelatinized and the molecular chains were in a fully expanded state. [15, 16] While the situation that the complexation happened in the case of starch granule just swelling has not been reported yet. After pasting, the starch pastes undergo aging or retrogradation when it is cooled or stored. Many starchybased foods have poor quality in the storage process, such as the aging of bread, the viscosity of rice soup decreased and appeared precipitation. The starch complexed with lipid just started to swell at 63°C, which is the onset gelatinization temperature of potato starch, can maintain the original state of starch granules, which is conducive to the subsequent processing and to minimize the aging of starchy foods. In addition, the potato starch would have different properties in starch-fatty acid complexes because of its large particle size and containing negatively charged phosphate groups.
In this paper, the objective of this work was to study the effect of the properties of fatty acids with different carbon chains compounded with potato starch under partially gelatinization. The effects of fatty acid types on the complexing index (CI), pasting properties as well as microstructures of potato starch-lipid complex were studied.
Materials and methods

Materials
Potato starch was obtained from Xue Guan Starch Company (Ningxia, China). Lauric (C12), myristic (C14), palmitic (C16), or stearic (C18) acids were purchased from Sigma-Aldrich (St. Louis, MO). Other chemical reagents were of all analytical grades.
Starch-fatty acids complexes preparation
Starch suspension (10%, w/w) was heated at 63°C (the onset gelatinization temperature of potato starch) for 30 min in a water bath with constant stirring and then added with four fatty acids completely dissolved in ethanol. The mixture was heated at 63°C for 30 min. After complexed, the mixture was quickly cooled to room temperature. Ethanol was added to remove excess fatty acids in the system and then centrifuged at 1500g for 20 min. Washed three times to ensure that there were no free fatty acids in the systems anymore (Beckman Coulter Inc., Fullerton, CA, USA). The samples were freeze-dried and stored.
Complexing index
The CI of starch was measured by the method of Wang [6] with modifications as follows. Starch-fatty acid mixtures (0.4 g) were weighted accurately into a 50-mL centrifuge tube and then distilled water was added to a total weight of 5 g. The starch suspension was heated in a boiling water-bath for 10 min to fully gelatinize starch. After cooling to room temperature, 25 mL distilled water was added to the above gelatinized starch samples and vortexed. Then, 500 µL of the samples were and added with 15 mL distilled water, and followed by the addition of 2 mL iodine solution (2.0% KI and 1.3% I2 in distilled water). The absorbance at 690 nm was measured. Starch treated in the same manner but without fatty acid addition was used as a reference. CI was calculated as follows:
where Abs Ref was the absorbance of the starch solution without added fatty acids, and Abs Starch-lipid was the absorbance of the starch solution with added fatty acids.
X-ray diffraction pattern
The X-ray diffraction (XRD) patterns were measured using X-ray diffractometer (LabX XRD-6000, Shimadzu Corp, Kyoto, Japan) with a Ni-filtered CuKα (λ = 0.15418 nm, 40 kV, 40 mA) radiation. Data were collected from 2θ of 5-40°with a scanning speed of 10°/min at room temperature. [17] Fourier transformed infrared spectroscopy
The preparation of mixtures was the same as above. The Fourier transformed infrared (FTIR) spectra of samples (3 mg) in KBr (300 mg) disks were recorded in the range of 4000-400 cm −1 at the 4 cm −1 resolution; data were obtained with a FTIR meter (Nexus 470, Thermo Nicolct, USA). [18] Swelling power and solubility
Swelling power and solubility of starch mixtures were determined by the method of Wang. [6] The suspension of starch mixtures (2%, w/v) was heated at 60°C for 20 min in a water bath with constant stirring, followed by rapidly cooling in ice water to room temperature. The suspension was then centrifuged at 4000 rpm for 20 min (Beckman Coulter Inc., Fullerton, CA, USA). Supernatant was collected and the residue weighed for swelling power determination. The ratio between the residue and initial dry matter was calculated for the swelling power. Amylose leaching was for solubility estimated as described by Ref. [19] .
Thermal properties
Thermal properties of the blend starch samples were measured using a DSC-204F1 (Netzsch, Bavarian, Germany). Starch sample (5 mg) was weighed and placed into standard aluminum differential scanning calorimeter (DSC) pan. Distilled water (10 μL) was then added to each pan with a micropipette. An empty pan was served as a reference. Samples were hermetically sealed and equilibrated at 30°C for 12 h before the analysis. The cells were heated from 20 to 150°C at a rate of 5 K min −1 . The gelatinization process beginning temperature (T o ), the peak temperature (T p ), the conclusion temperature (T c ), the gelatinization temperature range (T c -T o ), and the gelatinization enthalpy (ΔH) was obtained. [20] Particle-size distributions Particle-size distribution was determined using a Mastersize 2000 laser diffraction instrument (Malvern Mastersizer 2000, Malvern Instruments Ltd., Malvern, UK) in wet-cell mode. The starch was added to the reservoir and sonicated for 30 s until an obscuration value of 12% was achieved. The refractive indices used for water and starch were 1.33 and 1.50, respectively. The results were presented as diameter according to volume. The surface-weighted mean diameter D [3, 2] and the volume-weighted mean diameter D [4, 3] of separated granules were measured. [21] Scanning electron microscopy of starch Samples of amylose-fatty acid complexes were attached to double-sided adhesive tape, mounted on an aluminum specimen holder, and sputter-coated with a thin film of gold under vacuum. Samples were observed using a JEOL scanning electron microscope (JSM 5410LV, JEOL, Japan) at an accelerating voltage of 20 kV. [22] Dynamic rheological measurements A dynamic rheometer (AR2000ex Rheometer, TA Instruments Ltd., New Castle, DE, USA) was used to determine the rheological properties of potato starch-fatty acid complexes. Starch suspensions of 6% (w/v) were stirred with mild agitation provided by a magnetic stirrer for 20 min at room temperature and were immediately conducted to the rheometer plate with a parallel plate system (40 mm in diameter) in order to carry out rheological tests. The gap size was set at 1000 μm. The sample edge was covered with a thin layer of silicone oil to minimize evaporation loss before measurement. During the temperature sweep, strain and frequency were set at 2% and 1 Hz, which were within the linear viscoelastic region. The starch samples were heated from 20 to 100°C and cooled from 100 to 20°C at a rate of 5°C min −1 . Storage modulus (G′) and loss modulus (G″) were determined. [23] 
Statistical analysis
All experiments were conducted in triplicates. Results were reported as mean values ± standard deviation. For data analysis, the analysis of variance was performed using a SPSS package (SPSS 17.0 for Windows, SPSS Inc., Chicago, IL, USA). Differences among the mean values of various treatments were made using Duncan's multiple range test (p < 0.05).
Results and discussion
CI CI was the percentage complexation between fatty acids and starch. Table 1 showed the CI for different samples. With the increase of the fatty-acid chain length, the CI of potato starch-fatty acid complexes which decreased significantly (p < 0.05) ( Table 1) indicated that the ability to compound with starch molecules decreased for fatty acids with longer chains. This may be due to the steric hindrance effect of long chain fatty acids. According to different guest compounds, amylose forms 6-, 7-, or 8-fold lefthanded single helices stabilized by hydrogen bonds. [24] In general, the more complicated of lipid moleculars with longer chain length fatty acids, the larger cavities of the amylose helices required to accommodate the guest molecules. [12, 24] The longer the fatty acid chain means there was more difficulty of the fatty acid molecule entering the starch spiral structure, [25] thus, the chances of forming the complex reduced and exhibited lower CI. And shorter chain fatty acids could be better dispersed in gelatinized starch, thus facilitating their interaction with amylose. [6] With the increase of fatty-acid chain length, its viscosity increases, which leads to slow down the rate of movement, and starch molecular chain complex degree of decline. Similar results were also reported in previous studies that short-chain fatty acids formed complex more easily than long-chain fatty acids in starch-fatty acid complexes. [2, 6, 26, 27] Ref. [6] found that amylopectin molecules also interacted with fatty acids to form complexes, but carbon chain length of fatty acids was not the determinant for the complexation of amylopectin. Therefore, it could be thought that the fatty acids here mainly interacted with amylose molecules in potato starch and fatty-acid chain length played an important role in the properties of complexes.
XRD
The XRD patterns of potato starch with or without fatty acids were shown in Fig. 1 . Single fatty acid exhibited a sharp peak at 21.6°with strong diffraction signal, and four other peaks around 6.8°, 20.6°, 24°, and 36°, respectively, showed relatively weak signals. Potato starch with four fatty acids exhibited the X-ray pattern with reflection intensities centered at 17.4°, 20°, 22°, and 24°(2θ). Compared with pure starch, the diffraction peaks decreased at 17.4°, while the peaks at 22°and 24°significantly increased with the introduction of fatty acids, indicating the typical V-type pattern for amylose-lipid complexes (Fig. 1 ). Besides, the diffraction peak at 5.8°for the amylose disappeared in the starch-fatty acid complex. Ref. [5] pointed out that amylose-fatty acid complexes prepared at temperatures close to 60°C were in amorphous-like state (type I) whereas at temperatures higher than 90°C, the complexes were in semi-crystalline state (type II). The starch-fatty acids complexes were prepared at 63°C and combined with XRD that could be considered that the complexes were type I crystallization.
The relative crystallinity of starch-fatty acid complex decreased with the addition of fatty acids, comparing with nature starch, and the crystallinity decreased gradually with the increase of the carbon chain length of the fatty acid (Fig. 1) . The relative crystallinity of the potato starch-lauric acid (C12) complex was much higher than starch-C18 complex. When starch granules were heated in the presence of excess water, the granules partially swelled because of the loss of the crystalline order and the absorption of water. At the same time, the amylose inside the starch granules leached out and complexed with the fatty acids. [13] Crystallinity decreases with increasing fatty-acid chain length, suggesting that fatty acid interfered with the association of the starch polymers and a less-organized structure was formed, which might be due to the steric hindrance of the alkyl chains impacted the recrystallization of starch molecules and the steric hindrance increasing with the fatty chain length. [25] Besides, the amylosefatty acids complexes were probably V-type single helical amylose pattern; thus, there was no formation of double helices, junction zones, and gel network, which exhibited lower crystallinity. [28] The V-type crystalline polymorphs were formed between normal wheat starch and three fatty acids, with shorter chain fatty acids producing more crystalline structure. Refs. [6, 29] found that the Hylon VII-complexes with stearic and palmitic acid exhibited lower degrees of crystallinity than the complexes with myristic acid, explaining that the long chain length fatty acids (stearic and palmitic acid) due to their increased stiffness were more difficult to associate themselves to form arranged semi-crystalline structures.
FTIR Figure 2 showed the FTIR spectra of the fatty acids (lauric, myristic, palmitic, and stearic acid) and the FTIR spectra of the potato starch with various fatty acids. In the FTIR spectrum of the samples, potato starch had a wider peak at 2927 cm −1 , which was attributed to the stretching vibration peak of C-H in starch molecular chain. As the fatty acids added into potato starch, the broad peak here became two new spikes, with peaks at 2917 and 2850 cm −1 , respectively. This might be corresponding to antisymmetric and symmetric stretching of CH 2 and CH 3 for the presence of fatty long chains.
In all spectra of the fatty acids, it could be seen that the characteristic peak at 1700 cm −1 attributed to the absorbance of the carbonyl group was present. There was another new weak band at 1702 cm −1 appeared in the potato starch and fatty acids complexes. This shift of the carbonyl group peak at 1700 cm −1 for the free fatty acid was to a higher wave length value for the complexed fatty acid. FTIR spectroscopy revealed that the absorption peak attributed to carbonyl group of free fatty acid was shifted when the fatty acid was in the form of amylose complex. [26] While the strong spikes of fatty acids at 720 cm −1 in fatty acids, attributed to rocking peak of the at least four linearly successive connected methylene groups ((CH 2 ) 4 ), was not present in the complexes. Probably because long chain fatty acids entered into the amylose double helix and bind to starch molecules with hydrogen bonds. Besides the shift of the peak at 3300 cm −1 to the formation of hydrogen bonding between the carbonyl group of the guest molecule and the hydroxyl groups of amylose, it is noted that a small peak at 1018 cm −1 occurred for potato starch-fatty acid samples, which were not observed for pure starch, were assumed to be related to the amylose-fatty acid complex. [6] Swelling power and solubility
The swelling power of potato starch was significantly increased with the addition of four fatty acids compared with the control (p < 0.05), while with the increase of the fatty acid chain length, the swelling power decreased gradually (A). The solubility of potato starch decreased significantly with the addition of fatty acids (p < 0.05), the effect was more pronounced with the longer the fatty acid chain length (B). That means the addition of fatty acids reduced the swelling force of the starch and inhibited swelling of the starch granules.
The lower swelling power of starch-C18 sample could be attributed to the longer and more stable helices formed between amylose and C18, which was assumed to inhibit swelling of starch granules more effectively than helices formed with other shorter chain fatty acids. Longer chain length resulted in lower starch solubility of potato starch. With the addition of fatty acids, swelling of starch granules was inhibited with the limited leaching of starch polysaccharide molecules. Zhou [30] reported that with the addition of fatty acids (stearic and linoleic acid) can further restrain the starch granule from hydration and swelling by covered the starch surface or formed an amylose-fatty acid complex, which deposited as an insoluble film on the granule surface and delay the transportation of water into the granules. This result confirms the substitution of the hydroxyl groups by alkyl chains leading to hydrophobic for starch. Vanmarcke and Hernández-Hernández [25, 31] found crystallization of the amylose-LPC (lysophosphatidylcholine) inclusion complex during gelatinization, which promotes starch granule thermal stability at up to 95°C.
Thermal analysis
The gelatinization temperatures and enthalpy change derived from DSC thermograms as well as DSC curve are shown in Table 2 and Fig. 3 . The single fatty acids had only one DSC endothermic peak, and the peak temperature increased with the length of the fatty acid carbon chain. A single potato starch had an endothermic peak at 60-70°C. The potato starch-fatty acid composite displayed three separated endotherms, and there was significant difference in DSC curve (Fig. 3) when the fatty chain length was varied ( Table 2 ).
The first endotherm (Peak I) at the lower temperature was attributed to the melting of the free fatty acids, and the peak temperature increased with the length of the fatty acid carbon chain. The second endotherm (Peak II) was for the starch gelatinization endothermic peak, which was partially overlapped with peak I. Compared with pure starch, the temperature of starch gelatinization was slightly elevated added with fatty acids, which may be due to the formation of lipids and amylose complexes, reducing the water into the starch granules, directly expressed as gelatinization temperature increased. As the carbon chain increases, the thermal stability of the complex increases. Dissociation temperatures of amylose-lipid complexes increased with increasing length of hydrocarbon chains of the lipids and decreased with increasing number of olefinic bond in the hydrocarbon chains. [24] Moreover, during the gelatinization process, the formation of the starchfatty acid complex was exothermic process, while starch gelatinization was an endothermic one. Thus, the amount of heat that needs to be absorbed by starch gelatinization could be partially provided by the starch-lipid complex, and the ΔH value was reduced. At the same time, the ΔH of native starch reflects the loss of double helices or starch crystallites. The great decrease in the ΔH of potato starch upon addition of fatty acids indicated that melting of starch crystallites was inhibited. Thus, the T o and T p increased and ΔH decreased with the addition of fatty acids, indicating that their addition inhibited gelatinization of potato starch. Peak III was the endothermic peak of potato starch and fatty acids complexes, and the cleavage temperature was more than 110°C. The carbon chain length had an effect on the cracking temperature of the complex ( Table 2 ). With the extension of the carbon chain, the hydrophilicity of the fatty acid decreased and the hydrophobicity increased, and the complex was more stable. [5] The ΔH of amylose-lipid complex was a measure of combination of the amount of complex and the degree of order (crystallinity) within the complex. The melting point and corresponding enthalpy increased with chain length, suggesting that there were formed stable compounds of starch with fatty acids. It was interesting to note that starch paste with C18 produced a DSC curve that was less regular than those generated from shorter chain length fatty acids (C12-C16). The possible reason was that there was a small amount of free C18 remaining in the system. The presence of the exothermic peaks confirmed the reorganization of the complexes and the recrystallization of the free fatty acids. The endothermic peak around C18 was assigned to the melting of crystals composed of alkyl chains, which were difficulty removed during washing with the ethanol/water mixture. [5] Marinopoulou [5] found that in the case of complexes of myristic (C14), palmitic (C16), and stearic (C18) acids, two endothermic peaks were visible, whereas the complexes of decanoic (C10), oleic (C18:1), and linoleic (C18:2) acids exhibited only one endothermic peak, which might be due to its rather short chain length in the case of decanoic acid which renders it highly mobile and easily removed during washing with solvent. Ref. [25] reported that the thermal behavior of starch derivatives was mainly influenced by the length of the alkyl chains, which appeared as an efficient plasticizing route for alkyl chains since the decrease in the interactions between the starch chains as the alkyl chain length increases. In the case of amylomaize (Hylon VII) starch-fatty acid (capric, myristic, palmitic, stearic, oleic) complexes, there were the same situation that the dissociation temperature of the complexes was increased proportionally to the chain length increase of the fatty acid. [29] 
Morphologies and size distributions
The morphologies of the potato starch-fatty acids complexes were investigating by using SEM (Fig. 4 ) and its granule size distributions in terms of the surface weighted mean diameter D [3, 2] and the mean volume diameters (D [4, 3] ) were illustrated in Table 1 by Mastersizer. The average diameters (D [4, 3] ) of the starch were 32.75, 86.12, 56.99, 42.99, and 86.21 um for the reaction without fatty acids, and with lauric (C12), myristic (C14), palmitic (C16), or stearic (C18) acids, respectively, that means the large granule size for PS-C12 and PS-C18. Fatty acids were added into starch under partial gelatinization (63°C) for complexing. In this process, the starch was pregelatinized, but the control group did not. For PS-C12, it's caused by the pregelatinized of starch granule. While for PS-C18, stearic acid did not diffuse in starch granules but coat around it. At low temperature (63°C), few amylose molecules would exit from the granules and possibly remained attached to their granule surface like a hair. [13] Thus, they were interacted with myristate to a greater degree than other fatty acids with longer chains which they need amylose molecules with longer chains to be able to complex. [7] SEM microscopic examination indicated that amylose-fatty acid interactions taken place during starch gelatinization retarded the destruction of the granules. Disruption of starch granules became more apparent with the increase of the amount of fatty acids in the mixture. It was reported that stearic acid did not diffuse in teff starch granules but seemed to coat them. However, stearic acid diffused inside maize starch granules through channels. [28] Rheological properties of starch-fatty acids complexes
The rheological behavior of starch pastes reflects the properties of the swollen starch granules entrapped in a polymer amylose matrix. [32] Figure 5 exhibited the storage modulus (G′) and loss modulus (G″) of potato starch with or without fatty acids during the heating process using the dynamic rheometer. The magnitudes of G′ and G″ for the native potato starch increased first and then decreased gradually for the collapse of the starch granules structure when the heating temperature rised from 50 to 95°C. As addition of fatty acids, G′ and G″ were significantly increased compared with the control. Except C18, the G′ and G″ of starch-fatty acids complexes decreased with fatty acids carbon chains increased from C12 to C16. At the same time, it was found that with the addition of fatty acids, the temperature of G′ and G″ began to increase and the curve gradually moved to the right (high temperature), indicating that the gelatinization of the starch mixed system was delayed ( Fig. 5 ).
With addition of fatty acids that its carbon chains increased from C12 to C16, a decrease in the storage modulus and loss modulus was observed. There may be two reasons: first, after the addition of fatty acids covering the surface of the starch granules, hindering the water molecules into the interior of the particles; second, the interaction of fatty acids and starch to form complexes inhibits the increase in starch viscosity.
In the high amylose (70%) maize starch and fatty acids system, the myristic containing sample exhibited the higher viscosity values whereas the starch-stearate system exhibited the lower viscosity. [13] Teff starch with stearic acid was more viscous and was non-gelling. [28] While for the fatty acids with C18, an abnormally elevated G′ and G″ might be due to the steric hindrance effect of the C18 chain. There was only a portion of the C18 segments enter the amylose spiral structure, while the remainder was exposed to the outside, which hampered water enter into the starch granules, so that the gelatinization of starch granules was greatly inhibited. The rigidity of the expanded starch granules increased with addition of C18, thus the addition of C18 significantly increased G′ and G″. And besides, long chain fatty acids require more amylose space to complex. [7] But the phosphate groups are located mostly in the long B-chains in potato amylopectin. [33] The presence of phosphate groups hindered the entry of fatty acids into starch granules. Thus, considering the fatty acid carbon chain length as well as steric hindrance effect of potato starch phosphate ester, it hypothesis that the fatty acid with C16 may be most suitable for complexing with potato starch.
Conclusion
The properties of potato starch-fatty acid complexes with various fatty acid chain lengths under partially gelatinization were measured in present work. For potato starch, fatty acids chain length played an important role in the formation of amylose-fatty acid complexes. With the increase of the fatty acid chain length, the CI of potato starch-fatty acid complexes decreased significantly. Compared with pure starch, amylose-lipid complexes exhibited the typical V-type X-ray pattern, and the crystallinity decreased gradually with the increase of the carbon chain length of the fatty acid. The swelling power of potato starch was significantly decreased as fatty acids carbon chains increased, presumably due to the formation of more stable complexes with fatty acids having longer carbon chains that delayed starch swelling. Except stearic acids, the G′ and G″ of starch-fatty acids complexes decreased with fatty acids carbon chains increased from lauric acids to palmitic acids. Based on the results, its hypothesis that the fatty acid with palmitic acids may be most suitable for complexing with potato starch, which means suitable length of fatty acids for the specific starch could form more stable complexes.
